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INTRODUCTION
The rate of childhood obesity has increased substantially over the past few decades. Today, about one third of children worldwide are either overweight or obese 1 . In parallel with the global obesity epidemic, there has been a gradual decline in sleep duration over the past several decades, including children in Asia, Europe, and the United States 2 . Numerous studies have demonstrated an inverse correlation between sleep duration and adiposity or obesity risk in children and adults [3] [4] [5] [6] [7] [8] [9] [10] . Possible mechanisms include decreased leptin and increased ghrelin associated with sleep deprivation 11 , leading to increased caloric intake and reduced energy expenditure, both of which contribute to obesity. Sleep is also thought to be important for growth during child development. Since pulsatile release of human growth hormone occurs during slow-wave sleep 12 , it is possible that chronic exposure to short sleep during childhood impacts growth (body length), although this hypothesis has yet to be systematically tested.
The relationship between sleep duration and growth outcomes has been primarily examined in school-aged children and not in younger age groups 3, 6, 7, 10, 13, 14 . Also, most prior work was performed in populations that are predominantly Caucasian, even though epidemiologic evidence indicates that sleep duration in children is shorter in East Asian countries [15] [16] [17] . Similarly, in Singapore it has been reported that 2-year old children sleep about 2 h less per day relative to Swiss children of the same age 18, 19 , but the impact on growth outcomes has not been explored. In the present study, we therefore examined the relationship between sleep duration and growth in Singaporean children during the first 2 years of life.
Here, we tested the hypothesis that shorter sleep duration is associated with a higher body mass index (BMI) and shorter body length across early development.
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METHODS
Study design and population
The present study was conducted as part of the Growing Up in Singapore Towards healthy Outcomes (GUSTO) birth cohort study which aims to identify perinatal and early-life factors that impact growth and metabolic health of children raised in Singapore. The GUSTO study methodology has been described in detail elsewhere 20 . Pregnant women aged ≥18 years were recruited in their first trimester from KK Women's and Children's Hospital and the National University Hospital, the two major public hospitals with obstetric services in Singapore. Only women with a homogeneous parental ethnic background who were Chinese, Malay, or Indian were eligible for the study. Women were excluded if they were on chemotherapy, taking 
Sleep duration
The Brief Infant Sleep Questionnaire (BISQ) was used to assess infant sleep behavior at 3, 6, 9, 12, 18, and 24 months of age 21 . The BISQ was administered to the main caregiver of the child (mostly mothers) in English, Chinese, Tamil, or Malay. Two items were selected from 
Growth measures
Growth measures were examined at time points corresponding to administration of the BISQ.
Weight was measured to the nearest gram using a calibrated scale (SECA 334 weighing scale;
SECA Corp., Hamburg, Germany). Recumbent body length was measured in duplicate to the nearest 0.1 cm from the top of the head to the soles of the feet using a measuring mat (SECA 210 mobile measuring mat; SECA Corp.). BMI was calculated as the weight in kilograms divided by squared body length in meters.
Covariates
Demographic parameters such as ethnicity, maternal education, and household income were collected at the beginning of the study. Parental anthropometric measures were also gathered during pregnancy, and maternal height and BMI at 26 weeks of gestation were used in our analysis. Delivery information and perinatal risk factors included sex of the child, gestational age, birth weight and length, pregnancy smoking status, and maternal gestational diabetes mellitus. Anthropometric measurements of newborns were made within 24 h of birth.
Breastfeeding status was documented at every study visit as exclusive, predominant, partial, or formula-only, which followed the World Health Organization's definitions 22 . Considering that breastfeeding patterns changed over time, a weighted sum was used (weights: exclusive breastfeeding=1, predominant breastfeeding=0.75, partial breastfeeding=0.5, and formula-only=0) for total breastfeeding duration which took into account the type of breastfeeding and its corresponding duration. Early lifestyle measures in children were also included as covariates such as total media use and outdoor physical activity at 24 months.
Daily hours spent watching television or on the computer and handheld devices were collected at 24 months of age for both weekdays and weekends and a weighted average of total media use was calculated. The average number of hours per day spent playing/exercising outdoors was similarly calculated after taking into account weekday and weekend behavior.
Statistical analysis
We first examined maternal and offspring characteristics, as well as exposure and outcome variables, of the three main ethnic groups in Singapore (Chinese, Indian, and Malay). Mean comparisons among groups were performed using one-way ANOVA. A mixed model without random effects was used to examine the relationship between BMI and sleep duration from 3 months to 2 years of age, in order to account for dependence among repeated measures across time points, as well as to maximize usage of longitudinal data. Sleep duration and BMI values at 3, 6, 9, 12, 18, and 24 months were entered into the mixed model, together with covariates described in the previous section. A similar model was used to examine the longitudinal relationship between body length and sleep duration.
In subgroup analyses, we examined the associations of BMI and body length with sleep duration within different ethnic groups after adjusting for covariates. Similarly, children within subgroups with either shorter or longer sleep duration were also examined, with shorter sleep duration defined as ≤ 12 h per day at 3 months of age. This cutoff was chosen because it was the mean sleep duration at the 3-month time point. Additionally, our preliminary analyses suggested stronger ethnic differences in sleep behavior and more variable sleep duration between children at 3 months of age, as compared to later time points.
We therefore focused on determining whether sleep duration reported at 3 months was associated with growth outcomes in later development. Data were analyzed using IBM SPSS Statistics for Windows, Version 19.0 (IBM Corp; Armonk, NY).
RESULTS
Of the 1,247 mother-infant pairs recruited at the beginning of the study, 348 subjects were excluded due to missing BISQ or growth data. The remaining 899 subjects had at least one time point with outcome (BMI and body length) and exposure (sleep duration) measures.
This group consisted of a greater proportion of mothers with Chinese ethnicity, higher education, and higher household income, as compared to those who were excluded based on missing data (Supplementary Table 1 ). For participants with available sleep and growth data, maternal and offspring characteristics differed substantially across ethnic groups ( Table 1) .
As compared to Chinese and Indian mothers, Malay women were of lower socioeconomic status in terms of education and income level, and they had a higher BMI at 26 weeks of gestational age. Breastfeeding duration was also lowest in Malays, and media use at 24 Table 2) .
On average, sleep duration decreased by about an hour (12.08 h to 11.14 h) from 3 months to 24 months of age ( Table 3) . At 3 months, sleep duration was about 1.5 h shorter in
Malay children compared to Chinese and Indian children. At 6 months, sleep duration was about an hour longer in Chinese infants compared to the other groups, but these ethnic differences were not present at later time points. Based on mixed model analysis, sleep duration was not associated with BMI for the first 2 years of life, independent of adjustment for covariates ( Table 5) . In contrast to the shorter sleepers, the same analyses repeated on subgroups with longer-duration sleep did not show a significant association between sleep duration and BMI or body length.
DISCUSSION
Previous studies conducted in older children showed that sleep duration was negatively associated with BMI and body fat [3] [4] [5] [6] [7] [8] [9] [10] . Sleep duration in childhood could have long-term consequences, as shorter sleep duration in children aged 5 to 11 years was associated with
higher BMI values in adulthood in a prospective birth cohort study (β=-0.99, assessed at 32 years of age) 5 . Moreover, based on a recent meta-analysis of 11 pediatric studies, a pooled odds ratio of 1.89 was observed for being overweight in children with short-duration sleep 3 .
These studies suggest that sleep duration is an important contributing factor to metabolic Page 9 of 21 health, which is also supported by studies in adult populations 11 . In the present study, sleep duration did not associate with BMI in the full sample, which could be attributed to the much younger age of our study participants. By comparison, a weak but significant association between sleep duration and BMI was observed in Malay participants, after controlling for differences in demographic and lifestyle factors. It is possible that the higher proportion of shorter sleepers in the Malay subgroup accounted for this observation given that both Chinese and Malay children who slept ≤ 12 h at 3 months of age showed a significant negative association between sleep duration and BMI. For children with sleep durations exceeding 12 h, there was no association with BMI, suggesting a possible ceiling effect when sufficient sleep is achieved.
In the present study, sleep duration associated positively with body length during the first 2 years of life, after adjusting for factors known to influence growth outcomes. Prior related work on body height has focused primarily on the relationship between sleep disordered breathing and growth in children aged 2-6 years with adenotonsillar hypertrophy 23 . Following adenotonsillectomy, there is an improvement in sleep and an increase in height. The effects of sleep disordered breathing on growth are thought to be mediated, at least in part, through disruption of slow-wave sleep when growth hormone is preferentially secreted 12 . While it might be predicted that shorter-duration sleep in healthy children would associate with shorter height, a weak negative association was observed between sleep duration and height in English and Scottish children aged 5 to 11 years whose sleep behavior was assessed by questionnaire 24 . Additional studies are therefore needed to establish whether sleep duration impacts the rate of growth across childhood.
Although our study included several strengths, including enrollment of subjects across three major ethnic groups in Asia, multiple measures of sleep and growth outcomes over the first 2 years of development, and adjustment for known confounders, there were also limitations that should be considered. Firstly, the majority of children (84.2%) did not have sleep duration data at all six time points. Thus, while our sampling frequency of sleep behavior was higher compared to other birth cohort studies, the response rate was also lower and our sample size was relatively small at each time point (3,234 responses were collected over 6 time points). The amount of missing data precluded accurate determination of growth trajectories and growth velocities on a per-individual basis. Therefore, we did not examine whether the rate of growth varied with changes in sleep duration across the first 2 years of life. Another limitation of our study is that information on growth percentiles was not available for the three major ethnic groups examined in Singapore. Since the sample sizes for the ethnic groups studied were too small to generate robust longitudinal growth percentiles, it was not possible to normalize growth parameters by ethnicity. The effect size, as measured by the beta coefficient, was also relatively small for sleep duration on growth outcomes, as compared to other factors such as sex and ethnicity. Finally, we would like to highlight that sleep duration data collected by questionnaires are prone to parental estimation errors, and more reliable estimates of sleep behavior could potentially be obtained using objective measures, e.g. actigraphy or polysomnography.
CONCLUSION
We demonstrated that sleep duration associates weakly with anthropometric measures in early life. During the first 2 years of development, shorter sleep duration associated with higher BMI values in Malay participants and in the subgroup of children who slept ≤ 12 per day at 3 months of age. Additionally, shorter sleep was associated with shorter body length. Building on prior work conducted in older children, our results suggest that sleep duration might begin to influence body weight and length from infancy. Future work should examine the impact of sleep duration on growth trajectories and velocities as our cohort matures longitudinally. 
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